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Three different approaches, including the commonly used 
acid digestion, were compared for the efficient extraction 
of very low concentrations of riboflavin (vitamin B2) from 
casein. An extraction method that used pepsin to release 
riboflavin was the most efficient. The pepsin extraction 
method was then further optimized using a factorial 
design to yield the maximum amount of riboflavin. The 
enzyme takadiastase was used for the conversion of all 
forms of riboflavin to the free form, and this conversion 
was found to be time dependent. A reversed-phase HPLC 
system with fluorescence detection and a methanol-water 
mobile phase containing acetate buffer were used for the 
separation and quantification of riboflavin in the extracts. 
A limit of detection of less than 0.1 mg kg-1 casein and a 
repeatability RSD of 3% were achieved. The recovery of 
the method was satisfactory. 
Keywords: Riboflavin; vitamin B,; extraction; determination; 
casein; dairy; milk; optimization; experimental design; 
factorial design; high-performance liquid chromatography 
Introduction 
Milk is considered to be a good source of riboflavin (vitamin 
B2) and contains three forms of riboflavin: free riboflavin, FMN 
(flavin mononucleotide or riboflavin 5' phosphate) and FAD 
(flavin adenine dinucleotide). In milk, 5 6 9 5 %  of the riboflavin 
exists as free riboflavin.' A number of methods are currently 
available2 for the extraction and measurement of riboflavin in 
milk. 
Today, dairy products are derived from a variety of milk 
constituents. Milk constituents such as casein are used as 
ingredients in the manufacture of recombined dairy products 
and a variety of non-food products. Riboflavin, being the major 
constituent that gives a yellow colour to casein, is important to 
customers who are concerned about the whiteness of casein. 
Therefore, a method that accurately determines the riboflavin 
content in casein is required by scientists who are involved with 
manipulating the colour of casein. 
The riboflavin concentrations in casein are very low; only 
about 2 mg kg-I, i.e., 15% of the concentrations found in milk.' 
Only 6% of the flavins present in casein are bound to protein.3 
The casein-flavin binding can be via hydrogen bonding and/or 
hydrophobic interactions. Denaturation of protein by heating a 
solution of casein in a water bath at 100 "C releases the protein- 
bound flavins.3 
To date, no methods other than the Association of Official 
Analytical Chemists (AOAC) methods (fluorimetric or micro- 
biological assay) have been used for the determination of 
riboflavins in casein. Microbiological methods, in general, are 
very time consuming and demanding in operator skill. The high 
assay standard deviation inherent in microbiological methods is 
not a desirable feature in determining the very low concentra- 
tions of riboflavin in casein. The iluorimetric method suffers 
from the interference of the matrix, and has been largely 
replaced by HPLC methods. The most common approach taken 
for the extraction of riboflavin from the matrix, for HPLC 
separation, involves an acid digestion with HCl or H2S04 at 
12 1 "C followed by enzymic dephosphorylation using takadias- 
tase at 45 OC.274-6 The acid digestion releases all three forms of 
riboflavin from the matrix and the enzymic dephosphorylation 
step converts all forms of riboflavin to the single free f01-m.7 
The fluorescence property of riboflavin is dependent upon the 
presence of a free 3-imino group. As riboflavin binds to protein 
via the 3-imino group, the protein-bound forms do not 
fluoresce.* Therefore, it is important to release flavins from 
proteins if the quantification is to be carried out using 
fluorescence. On a molar basis, riboflavin and FMN have equal 
fluorescence efficiency but the fluorescence efficiency of FAD 
is only 16% that of riboflavin or FMN.9 
In this work, the commonly used acid digestion method, heat 
denaturation of protein? and a new approach (partial digestion 
of proteins by means of pepsin) were compared for the efficient 
release of all forms of riboflavin from casein. The commonly 
used dephosphorylation using takadiastase was then used to 
convert all forms of riboflavin to a single (free) form and only 
the free riboflavin was quantified using a reversed-phase HPLC 
system with a fluorescence detector. Both the extraction and 
dephosphorylation steps were then further optimized using a 
factorial design. 
Experimental 
Chromatography was performed using Waters chromatographic 
equipment (Milford, MA, USA), consisting of a model 510 
pump, a model 7 10 B WISP auto injector, a model 470 scanning 
fluorescence detector, the program Maxima 820 (version 3.10) 
and a system interface module. A Spherisorb (Alltech, Deer- 
field, IL, USA) 5 pm ODS (C,,) 25 cm X 4.6 mm home-packed 
column and an Alltech 5 pm ODS 3 cm X 3.6 mm direct 
connect cartridge guard column system were used for separa- 
tions. A Mercer autoclave with digital temperature monitor 
(Mercer, Christchurch, New Zealand) was used for acid 
digestion. A Cole-Palmer (Niles, IL, USA) combination 
electrode with a calomel reference (model 5990-30) was used 
for pH adjustments. Extractions and standard solution prepara- 
tions were carried out under subdued incandescent flood lights 
(Sylvania 150 W PAR 38, Osram Sylvania, Winchester, KY, 
USA). Minitab Version 10 for Windows was used for all 
statistical calculations. 
Chemicals 
Methanol (Merck, Poole, Dorset, UK) was HPLC grade and the 
water used was MilliQ (Millipore, Bedford, MA, USA) grade. 
Acetic acid (99.8%) and sodium acetate trihydrate were 
analytical-reagent grade. Riboflavin was USP reference stan- 
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dard (USP, Rockville, MD, USA). FMN, FAD and pepsin 
(Pepsin A, EC 3.4.23.1, P-6887, 3200 U mg-l solid activity; 1 
U = 16.67 nkat) were purchased from Sigma (St Louis, MO, 
USA). The enzyme takadiastase (34740U) was purchased from 
Serva (Heidelberg, Germany). 
Mobile Phase 
The HPLC mobile phase used was 0.05 mol 1-' acetate buffer 
in methano1:water (35 + 65, v/v). The pH was adjusted to 5 
using acetic acid, and the solution was filtered through a 0.8 pm 
millipore cellulose filter and degassed with helium. 
Standard Solutions 
Preparations and handling of the standard solutions were carried 
out under subdued incandescent floodlights. The USP ribo- 
flavin standard was dried for 2 h at 105 "C using a vacuum oven 
and stored in a desiccator until used. Approximately 12.5 mg of 
dried material was accurately weighed into a 250 ml calibrated 
flask, dissolved in 25 ml of 0.1 moll- 1 HC1 and diluted up to the 
mark with MilliQ water. Two millilitres of this solution and 10 
ml of pH 5.5,3.5 moll-' acetate buffer were pipetted into a 100 
ml calibrated flask, and the contents were diluted up to the mark 
with MilliQ water. This solution was used as the calibration 
standard for HPLC. It was stable for at least 2 months when 
stored in the dark at 4 "C. 
Extraction of Riboflavin From Casein 
Extractions were carried out under subdued incandescent 
floodlights. A sample of lactic casein was used for all 
experiments. 
Comparison of extraction methods 
(i) Acid extraction: a SO ml calibrated flask containing an 
accurately weighed 5 g sample of casein dispersed in 35 ml of 
0.2 mol 1-1 HCl was autoclaved for 30 min at 121 "C (50 psi; 
1 psi = 6894.76 Pa). 
(ii) Hot water extraction: a 50 ml calibrated flask containing 
an accurately weighed 5 g sample of casein dispersed in 35 ml 
of MilliQ water was heated in a water bath for 30 min at 
100 "C. 
(iii) Pepsin extraction: a 10 ml calibrated flask containing an 
accurately weighed 1 g sample of casein and 50 mg of pepsin 
dispersed in 7 ml of 0.02 moll-' HCl was incubated in a water 
bath for 24 h at 37 "C. 
All three extractions were carried out in replicate (n = 5) 
including two blanks for each set. 
After each treatment, the solutions were cooled to room 
temperature and 5 ml ( 1  ml in the case of pepsin extraction) of 
pH 5.5, 3.5 rnol I-' acetate buffer was added to each solution. 
The pH was checked and, if required, adjusted to pH 5-5.4 
using a few drops of 5 rnol I-' NaOH. After adjusting the pH, 
0.5g (0.1 g in the case of pepsin extraction) of takadiastase was 
added to all samples, which were then incubated for 18 h in a 
45 "C water bath. Then the solutions were cooled, diluted up to 
the mark with Milli-Q water and shaken to mix the contents. 
The extracts were filtered using Whatman 42 filter paper. The 
first half of the extract was filtered and the filtrate was 
discarded. The rest of the extract was filtered through the same 
filter paper and the filtrate collected for HPLC separation. 
Optimization of extraction 
The optimization of the pepsin digestion procedure was carried 
out in two different steps. The first step included three variables, 
each with two levels (amount of pepsin: 50 or 100 mg, the 
incubation time with pepsin: I8 or 24 h and the incubation time 
with takadiastase: 2 or 18 h). The second step included two 
variables, each with three levels (amount of takadiastase: 0.1, 
0.2 or 0.3 g and the incubation time with takadiastase: 21,26 or 
30 h). The complete extraction procedures are described below 
with variables in bold type. 
To an accurately weighed 1 g sample of casein powder in a 10 
ml calibrated flask, 50 or 100 mg of pepsin and 7 ml of 0.02 
mol 1-1 HC1 were added. The flask was swirled to mix the 
contents and was incubated at 37 "C for either 18 or 24 h. After 
incubation, 1 ml of pH 5.5, 3.5 mol 1-1 acetate buffer was 
added, the pH was checked to ensure whether it was within 
5-5.4; 0.1 g of takadiastase was added, and the flask was 
incubated at 45 "C for either 2 or 18 h. At the end of the 
incubation, the extract was cooled to room temperature, diluted 
up to the mark with Milli-Q water, shaken to mix the contents 
and filtered through Whatman 42 filter paper. The first half of 
the extract was filtered and the filtrate was discarded. The rest 
of the extract was filtered through the same filter paper and the 
filtrate collected and analysed by HPLC. The whole process was 
carried out in duplicate including a blank run for each 
combination of variables. This resulted in a total of 24 runs with 
eight different combinations of variables (23). The correspond- 
ing blank values were subtracted from each sample to obtain the 
corrected riboflavin value for each combination of variables. 
To an accurately weighed 1 g sample of casein powder in a 10 
ml calibrated flask, 50 mg of pepsin and 7 ml of 0.02 rnol 1-I 
HCl were added. The flask was swirled to mix the contents and 
was incubated at 37 "C for 18 h. After incubation, 1 ml of pH 
5.5, 3.5 rnol 1-1 acetate buffer was added and the pH was 
checked to ensure whether it was within 5-5.4,0.1,0.2 or 0.3 g 
of takadiastase was added and the flask was incubated at 45 "C 
for 21, 26 or 30 h. At the end of incubation, the extract was 
cooled to room temperature, diluted up to the mark with Milli-Q 
water, shaken to mix the contents and filtered through Whatman 
42 filter paper. The first half of the extract was filtered and the 
filtrate was discarded, The rest of the extract was filtered 
through the same filter paper and the filtrate collected and 
analysed by HPLC. The whole process was carried out in 
duplicate, including a blank run for each combination of 
variables. A total of 27 runs was carried out with nine different 
combinations of variables (32). The corresponding blank values 
were subtracted from each sample to obtain the corrected 
riboflavin value for each combination of variables. 
HPLC Procedure 
Samples were loaded into the WISP autosampler. A vial 
containing the standard solution preceded the sample vials. In 
addition, a standard solution was included after every five 
samples to correct for time-dependent detector drifts. Various 
volumes of the standard solution (15-75 p1) were injected to 
construct the calibration curve. The mobile phase flow rate was 
1.4 ml min- 1 and the typical sample injection volume was 50 pl. 
The methanol content of the mobile phase was adjusted to 
obtain a retention time of about 10 min for the riboflavin peak. 
The mobile phase was recycled at least three times before being 
discarded. 
The maximum fluorescence emission signal was determined 
by scanning the riboflavin standard dissolved in the mobile 
phase in the Waters 470 detector. As a result, an excitation 
wavelength of 447 nm and an emission wavelength of 5 17 nm 
with a gain of 100 were used for the detection of riboflavin. 
Results and Discussion 
A retention time of about 10 min was chosen for the riboflavin 
peak in order to accommodate the other two forms of riboflavin 
(FMN and FAD), if they were present in the extract, and to 
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avoid overlap of early eluting unknown peaks with the 
riboflavin peak. A chromatogram showing the elution of FAD, 
FMN and riboflavin is given in Fig. 1. A pH of 5 was chosen for 
the mobile phase partly because riboflavin is more stable at this 
pH l o  and partly because the optimum fluorescence of riboflavin 
occurs at pH 3-8.8 
Riboflavin is labile at alkaline or very acidic pH," and is very 
stable at high temperatures. However, it is extremely sensitive 
to light. These properties allow the use of acid digestion, in the 
absence of light, using 0.2 moll-' HCI at 121 "C without a loss 
of vitamin. The acid digestion method was compared with two 
other methods for the efficient release of total riboflavin (in the 
form of FMN, FAD and free riboflavin) from casein. The 
enzymic digestion method used pepsin as the enzyme mainly 
because its optimum pH (pH 2) is favourable for the stability of 
the vitamin, compared with other proteases. The extracts from 
all three methods then underwent the same dephosphorylation 
method using takadiastase to convert all forms of riboflavins to 
the free form. Only the free form was quantified as total 
riboflavin. The results of the comparison of the three ap- 
proaches taken to extract total riboflavin from casein are shown 
in Table 1 and Fig. 2. The blank values were higher with the 
pepsin method because of the presence of riboflavin in the 
pepsin preparation as well as the takadiastase preparation. 
According to Table 1, the pepsin extraction gave about 17% 
higher riboflavin values than acid or hot water extraction. The 
ANOVA test carried out using Minitab (Table 2) shows that 
there was no significant difference between acid and hot water 
extractions but that there was a significant increase with pepsin 
3 
0 2 4 6 8 1 0 1 2 1 4  
Retention time/min 
Fig, 1 A mixture of FAD ( l ) ,  FMN (2) and riboflavin (3) eluted from a C18 
column using 0.05 mol I-' acetate in 35% methanol at pH 5 ,  and 
fluorescence detection at an excitation wavelength of 447 nm and an 
emission wavelength of 5 17 nm. 
Table 1 Riboflavin recovery from casein (mg kg-I) using water, acid and 
pepsin extraction methods (the blank values have already been subtracted 
from the riboflavin concentrations) 
Method of extraction 
Replicate 
no. Acid Water Pepsin 
1 1.73 
2 1.70 
3 1.66 
4 1.77 
5 1.75 
Blank I 0.15 
Blank 2 0.16 
Mean = 1.72 
s = 0.04 
1.73 1.98 
1.68 1.93 
1.74 2.06 
1.69 2.09 
1.69 2.04 
0.14 0.34 
0.14 0.37 
Mean = 1.71 Mean = 2.02 
s = 0.06 s = 0.03 
extraction, compared with acid or hot water extraction, at the 
95% confidence level ( P  < 0.05). 
The possibility of co-elution, with riboflavin, of a protein 
derivative that was produced as a result of pepsin treatment to 
cause a higher riboflavin value is slim, considering that the 
wavelength of 447 nm (visible region) is not likely to excite 
peptides derived from casein. 
According to Fig. 2, the conversion of FMN and FAD to free 
riboflavin was complete in the case of hot water extraction and 
pepsin extraction whereas there was a significant amount of 
FMN and FAD in the acid extract. (The early peaks observed 
3 
1 
6 1 , ,  , , , , , I ,  , , , , , , , , 
I " ' I " ' I " ' I ' " I " ' I ' "  
0 2 4  6 8 10 12 
Retention time/min 
Fig. 2 The chromatograms obtained from the three procedures used for the 
extraction of riboflavin from casein. From top to bottom: acid extraction, 
pepsin extraction and hot water extraction. Riboflavin, 3 and elution 
positions of FAD and FMN, 1 and 2, respectively. 
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with the pepsin and hot water extractions resemble those 
observed with the blank extracts, both in terms of peak sizes and 
retention times. The blank chromatograms observed with all 
three extraction methods were similar. The two major peaks at 
the beginning of the chromatogram obtained from acid 
extraction correspond to FMN and FAD and they were 
significantly larger than those observed with the blanks.) This 
difference was unexpected given that the same amount of 
takadiastase was added to all three sets of samples and that they 
were incubated for the same length of time (18 h) at 45 "C. 
The hot water treatment denatures proteins but does not 
fragment (or hydrolyse) them to peptides; thus riboflavin is not 
extracted as efficiently as in the other two methods. Pepsin 
treatment, as used in this work, was expected to hydrolyse more 
than 9% of the total peptide bonds in casein.12 If the acid 
Table 2 ANOVA results from Minitab for Table 1 (levels 1, 2 and 3 
correspond to acid, water and pepsin extractions, respectively) 
One-way Analysis of Variance 
Analysis of Variance on C2 
Source DF SS MS F P 
c1 2 0.31276 0.15638 69.50 0.000 
Error 12 0.02700 0.00225 
Total 14 0.33976 
Individual 95% CIS For Mean 
Based on Pooled StDev 
Level N Mean StDev --+ _ _ _ _ _ _ _ _ _  + _ _ _ _ _ - _ _ _  + _ _ _ _ _ _ _ _ _  + _ _ _ _  
I 5 1.7220 0.0432 (--*---) 
2 5 1.7060 0.0270 (---*---) 
3 5 2.0200 0.0644 (--..*---) 
--+ ____--__- + _____--_ + -___--__- + _-- 
Pooled 
StDev = 0.0474 1.68 1.80 1.92 2.04 
MTB > Oneway C4 C3. 
One-way Analysis of Variance 
Analysis of Variance on C4 
Source DF SS MS F P 
c 3  1 0.00064 0.00064 0.49 0.503 
Error 8 0.01040 0.00130 
Total 9 0.01104 
Individual 95% CIS For Mean 
Based on Pooled StDev 
Level N Mean StDev ---+ _ _ _ _ _ _ _ _ _  + _ _ _ _ _ _ _ _ _  + _ _ _ _ _ _ _ _ _  + _ _ _ _  
1 5 1.7220 0.0432 (--------------"--------------) 
2 5 1,7060 0.0270 (_____________ * _____ ______) 
---+ --------- + --------- + --------- +--- 
Pooled 
StDev = 0.0361 1.675 1.700 1.725 1.750 
MTB > 
digestion method and the pepsin digestion method fragment 
peptides to different extents, providing a more hydrophobic 
environment in acid extracts, then there may be some FMN and 
FAD that are still attached to the peptides at the end of the first 
step of the acid extraction and these may not undergo 
dephosphorylation during the takadiastase treatment. The 
reason for the appearance of FMN and FAD in the chromato- 
gram of the acid extract could then be due to the extraction of 
this FMN and FAD still attached to peptides by the hydrophobic 
C18 stationary phase. 
The pepsin digestion method recovered more riboflavin from 
casein, which was attributed to more extensive fragmentation of 
the protein than in the other two methods. The pepsin extraction 
method was then further optimized as described under Experi- 
mental using a 2 3  factorial design. The amount of pepsin, the 
amount of takadiastase and the incubation time used with 
takadiastase were varied to yield the maximum amount of 
riboflavin. Table 3 summarizes the results of this factorial 
design experiment. 
The results of an analysis of variance carried out for the data 
in Table 3 are shown in Table 4 at the 95% confidence level. 
Two of the variables (the incubation time for takadiastase 
treatment and the amount of pepsin) were significant 
(P  = 0.000 and 0.002, respectively). There were no 
significant interactions between variables (P = 0.7 19, 0.5 18 
and 0.213). Of the two significant variables, the takadiastase 
incubation time at 45 "C had a much higher impact on the 
amount of riboflavin extracted (F ratio of 379 versus 18). The 
change from 2 to 18 h increased the amount of riboflavin 
extracted by 35%. Fig. 3 shows the effect of the incubation time 
on the amount of flavins extracted, in terms of relative sizes of 
peaks 1 and 2. Given that the fluorescence of FAD is only 16% 
that of FMN or riboflavin, the differences in the amounts of 
FAD under the two sets of conditions are very significant. As 
shown in Table 3, the blank riboflavin values (which consist of 
free riboflavin and the riboflavin formed by the dephosphoryla- 
tion of FMN and FAD, in the enzyme preparations) were also 
higher with the 18 h incubation time compared with the 2 h 
incubation time. Thus, the conversion of FMN and FAD to free 
riboflavin was time-dependent and required further optimiza- 
tion. Although significant at the 95% confidence level, the 
effect of the amount of pepsin was not large enough to be 
considered for further optimization, and was kept at 50 mg for 
subsequent experiments. As 50 mg of pepsin extracted a slightly 
greater amount of riboflavin than 100 mg of pepsin, 50 mg of 
pepsin was considered to be the optimum amount for the 
digestion of 1 g of casein. 
In order to optimize the flavin hydrolysis step, a 32 factorial 
design was used. The incubation time (at 45 "C) with 
takadiastase was varied from 21 to 30 h. The choice of 21 h 
Table 3 Results of the optimization of riboflavin extraction using pepsin digestion 
Riboflavin extracted/mg kg- 
Experiment 
no. 
1 
2 
3 
4 
5 
6 
7 
8 
* Blank values were substracted. 
Pepsin/ 
mg 
50 
50 
50 
50 
100 
100 
100 
100 
37 "C (pepsin) 
incubation 
time/h 
18 
18 
24 
24 
18 
18 
24 
24 
45 "C 
(takadiastase) 
incubation 
time/h 
2 
18 
2 
18 
2 
18 
2 
18 
Blank 
0.270 
0.418 
0.296 
0.414 
0.423 
0.590 
0.466 
0.572 
Mean* of 
duplicate 
results 
1.698 
2.360 
1.698 
2.367 
1.63 1 
2.166 
1.525 
2.230 
Difference 
between 
duplicate 
results 
0.040 
0.100 
0.060 
0.062 
0.090 
0.184 
0.046 
0.044 
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rather than 18 h was made because of the 8 h working day of the 
analyst. The amount of takadiastase added was also varied from 
0.1 to 0.3 g, anticipating a reduction in incubation time with an 
increase in the amount of takadiastase. The results are shown in 
Table 5. 
An analysis of variance carried out using Minitab (Table 6) 
showed that at the 95% confidence level the incubation time 
was significant ( P  = 0.008) and that there were no significant 
interactions between variables (P  = 0.643). Therefore, the 
attempt to reduce the incubation time by increasing the amount 
of takadiastase was not successful suggesting a saturation of 
enzyme above 0.1 g. Although significant at the 95% con- 
fidence level, the riboflavin value obtained after 30 h was only 
about 10% higher than that obtained after 18 or 21 h. It was also 
apparent that the blank value was constant with changing time 
although it had increased with the increase in the amount of 
enzyme because of the presence of FMN and FAD in the 
enzyme preparations. According to Tables 3 and 5 ,  the 
riboflavin in the blank was quanitatively extracted after 18 or 2 1 
h of incubation. Given that the riboflavin value obtained after 30 
h was only about 10% higher than that obtained after 18 h, and 
given the practical difficulties of increasing the incubation time 
beyond 30 h, it was decided that 30 h was adequate for the 
extraction of the optimum amount of riboflavin from casein. 
Therefore, the optimized extraction procedure for casein can be 
summarized as follows: 
To an accurately weighed 1 g sample of casein in a 10 ml 
calibrated flask, 50 mg of pepsin and 7 ml of 0.02 moll-' HCl 
were added and the powder was dispersed in the solution. The 
flask was then incubated at 37 "C for 18 h. One millilitre of pH 
3 
> 
Table 4 ANOVA results from Minitab for Table 3 (Cl, amount of pepsin/ 
time/h with takadiastase) 
Analysis of Variance for C4 
Source DF ss MS F P 
c1 1 0.08151 0.08151 18.73 0.002 
c2 1 0.0003 1 0.0003 1 0.07 0.797 
1 1.6525 1 1.6525 1 379.7 1 0.000 c 3  
c 1 *c2 1 0.00060 0.00060 0.14 0.719 
c 1 *c3 1 0.00207 0.00207 0.48 0.508 
C2*C3 1 0.00783 0.00783 1.80 0.213 
Error 9 0.03917 0.00435 
Total 15 
mg; C2, 37 "C incubation time/h with pepsin; and C3, 45 "C incubation 8 
2 
3 
u) 
12 
10 
1.78400 
8 
Variance Error Expected Mean Square 
Source component term (using unrestricted model) 
 1 c 1  7 (7) + Q I L  4, 51 2 c 2  7 (7) + QR 4, 61 
3 c 3  7 (7) + Q[3,5,61 
4 Cl*C2 7 (7) + QVI Retention time/min 
0 2 4 6 8 10 12 
Fig. 3 Overlaid chromatograms of experiment nos. 1, 3, 5 ,  7 (top) and 2, 
4, 6, 8 (bottom) of Table 3 showing the effect of 2 versus 18 h incubation 
time with takadiastase. FAD (l) ,  FMN (2) and riboflavin (3). 
5 Cl*C3 7 (7) + Q P I  
6 C2*C3 7 (7) + QWI 
7 Error 0.0043 5 (7) 
Table 5 Results of the optimization of the flavin hydrolysis step in casein 
Riboflavin extracted/mg kg- I 
Experiment 
no. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
45 "C 
incubation 
time/h Takadiastaselg Blank 
21 0.1 0.39 
21 0.2 0.56 
21 0.3 0.80 
26 0.1 0.40 
26 0.2 0.58 
26 0.3 0.74 
30 0.1 0.38 
30 0.2 0.54 
30 0.3 0.69 
Mean* of 
duplicate 
results 
2.345 
2.45 
2.373 
2.409 
2.416 
2.459 
2.607 
2.538 
2.602 
Difference 
between 
duplicate 
results 
0.038 
0.076 
0.094 
0.006 
0.224 
0.046 
0.190 
0.004 
0.164 
* Blank values were substracted. 
Pu
bl
ish
ed
 o
n 
01
 Ja
nu
ar
y 
19
96
. D
ow
nl
oa
de
d 
by
 U
ni
ve
rs
ity
 o
f Q
ue
en
sla
nd
 on
 12
/10
/20
15
 04
:02
:30
. 
View Article Online
I676 Analyst, November 1996, Vol. 121 
5.5, 3.5 mol 1-1 acetate buffer was added and the pH was 
checked to ensure whether it was within 5-5.4, 0.1 g of the 
enzyme takadiastase was then added and the flask was 
incubated at 45 "C for 30 h. At the end of incubation, the 
solution was cooled to room temperature, diluted to the mark 
with Milli-Q water, shaken to mix the contents and filtered 
through a Whatman 42 filter paper. The first half of the extract 
was filtered and the filtrate was discarded. The rest of the extract 
was filtered through the same filter paper and the filtrate 
collected for HPLC separation. 
With the optimized extraction procedure, the recovery of the 
method was measured using two levels of addition of riboflavin 
standard. Five replicates were carried out for each level. For an 
addition of 2.5 mg riboflavin per kg of sample, a percentage 
recovery of 92% (RSD = 1%) was obtained; for an addition of 
5 mg per kg of sample, a percentage recovery of 90% 
(RSD = 0.4%) was obtained. The results suggest a loss of 
riboflavin with time. It should be noted that the vitamin added 
to measure the recovery was not bound to the matrix and was in 
the free riboflavin form. Therefore, the added vitamin was more 
prone to degradation than matrix-bound vitamin. The increase 
in the amount of vitamin extracted with time (according to 
Table 3) and the loss of free vitamin with time (shown by the 
recovery tests), further justified the decision for not increasing 
the 45 "C incubation time beyond 30 h. Depending on the ratio 
free/protein-bound vitamin in the matrix, the incubation time 
will need to be varied between 21 and 30 h, to obtain the 
optimum results. Blanks are required for each batch to 
compensate for riboflavin present in the two enzyme prepara- 
tions pepsin and takadiastase. 
The lowest concentration of riboflavin measured with this 
method (using a 30 h incubation time at 45 "C) was 0.15 
mg kg-I (after subtracting the blank), with a standard deviation 
Table 6 ANOVA results from Minitab for Table 5 (Cl, 4.5 "C incubation 
timeh; C2, amount of takadiastaselg 
Analysis of Variance (Balanced Designs) 
Factor Type Levels Values 
c1 fixed 3 21 26 30 
C2 fixed 3 1 2 3 
Analysis of Variance for C3 
Source DF ss MS F P 
C l  2 0.125 126 0.062563 8.57 0.008 
C2 2 0.001795 0.000898 0.12 0.886 
Cl"C2 4 0.018884 0.004721 0.65 0.643 
Error 9 0.065698 0.007300 
Total 17 0.2 11502 
of 0.02 mg kg-I. Therefore, the limit of detection was estimated 
to be 0.06 mg kg-I (3s for the lowest concentration). The RSD 
of the method under repeatability conditions (n  = 10) was 
estimated to be about 3%. 
Conclusions 
A novel method has been developed for the extraction of 
riboflavin. It is superior to the commonly used acid extraction 
method when applied to casein. It is simple, less demanding in 
analyst skill and particularly useful if there are problems in 
autoclaving samples or if samples are not allowed to be heated 
to 121 "C for other reasons. The optimization exercise using 
factorial design clearly shows the time-dependence of the 
dephosphorylation with takadiastase, which is an important 
observation for any riboflavin extraction procedure that uses 
takadiastase. The new approach can be used in place of the 
traditional acid extraction method for matrices other than casein 
after optimizing extraction parameters such as the amount of 
pepsin and the dephosphorylation time with takadiastase. 
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